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ouabain-induced arrhythmias in guinea-pigs
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1 We investigated protective effects of KB-R7943, a Na™/Ca®>* exchange (NCX) inhibitor, on
ouabain-induced tonotropy and arrhythmias in isolated whole atria and ouabain-induced changes in
electrocardiogram (ECG) in the guinea-pig.

2 KB-R7943 (10 and 30 uM) suppressed the tonotropic effect of ouabain, and prolonged the onset
time of extra-systole induced by ouabain in isolated atria.

3 The intravenous injection of KB-R7943 (1 and 3 mg kg™"') significantly increased the doses of
ouabain required to induce ventricular premature beats (VPB), ventricular tachycardia (VT),
ventricular fibrillation (VF) and cardiac arrest (CA) in anaesthetized guinea-pigs.

4 Lidocaine (Na*channel inhibitor) and R56865 (Na* and Ca’" overload inhibitor) also
suppressed the ouabain-induced tonotropic effect and extra-systole in isolated atria, but Hoe-694
(Na®/H™ exchange inhibitor) or diltiazem (Ca*" channel inhibitor) did not affect them.

5 Lidocaine also increased the doses of ouabain required to induce VPB, VT, VF and CA in
anaesthetized guinea-pigs.

6 From these results, we conclude that KB-R7943 suppresses ouabain-induced arrhythmias
through inhibition of the reverse-mode NCX.
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Abbreviations: CA, cardiac arrest; DCB, 3'.4’-dichlorobenzamil; DMSO, dimethylsulphoxide; ECG, electrocardiogram;
KB-R7943, 2-[2-[4-nitrobenzyloxyl]phenyllethyl)isothiourea methanesulphonate; NCX, Na'/Ca®>' exchange;
TI, transient inward current; VF, ventricular fibrillation; VPB, ventricular premature beats; VT, ventricular

tachycardia

Introduction

Cardiac glycosides have been used as therapeutic agents to
increase the force of cardiac contraction. However, these
agents, such as ouabain, often induce cardiac arrhythmia
accompanied by an increase in resting tension (Kass et al.,
1978; Khatter et al., 1986). This symptom is called a
triggered pacemaker type arrhythmia. Ouabain inhibits
plasma membrane Na* /K "-ATPase, and rises intracellular
Na™ concentration. The rise in intracellular Na™ concentra-
tion causes intracellular Ca®>* overload due to activation of
sarcolemmal Na*/Ca®" exchange (NCX). The Ca®* over-
load in turn induces oscillatory Ca?" release from
sarcoplasmic reticulum and oscillatory fluctuation in resting
potential. An ionic current associated with this Ca®"
oscillation has been named a transient inward current (TI).
It has been reported that about 75% of TI is attributed to
an ionic current generated by NCX while the remaining
current is mediated through non-specific cation channels
(Lederer & Tsien, 1976; Kimura 1987).

The oscillatory Ca*" rise by TI induces the enhancement of
systolic (positive inotropic effect), and diastolic tension
(positive tonotropic effect) and the extra-beatings (arrhyth-
mias).

*Author for correspondence; E-mail: watano@cc.fmu.ac.jp

The potent and selective inhibitory effect of KB-R7943
(2-[2-[4-nitrobenzyloxyl]phenyl]ethyl)isothiourea methanesul-
phonate) on NCX has been reported (Watano et al., 1996;
Iwamoto et al., 1996). KB-R7943 inhibited outward NCX
current (reverse-mode of NCX) more potently than inward
NCX current (forward-mode of NCX) in guinea-pig cardiac
ventricular cells. This compound also inhibited ionic currents
mediated through voltage-gated Na* and Ca®* channels and
inward rectifier K™ channels in these cells. KB-R7943 also
inhibited [Na']-dependent [Ca®']; increase which is
mediated through the reverse-mode of NCX in cardiomyo-
cytes, smooth muscle cells and NCX1-transfected fibroblasts
(Iwamoto et al., 1996). In contrast, 3',4’-dichlorobenzamil
(DCB) inhibited the inward (forward-mode) NCX current
more potently than outward (reverse-mode) NCX current
(Watano et al., 1996).

In the present study, we examined the protective effects of
KB-R7943, the above-mentioned NCX inhibitor, on ouabain-
induced changes in contraction and arrhythmias in whole atria
isolated from guinea-pigs. And these protective effects were
compared with those of DCB (forward-mode NCX inhibitor),
lidocaine (Na® channel inhibitor, class I antiarrhythmic
agent), diltiazem (Ca®* channel inhibitor, class IV antiar-
rhythmic agent), Hoe-694 (Na®/H™ exchange inhibitor) and
R56865 (Na™ and Ca®* overload inhibitor). We also examined
the protective effects of KB-R7943 on ouabain-induced
arrhythmias in anaesthetized guinea-pigs and compared these
effects with those of lidocaine.
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Methods

Isolated whole atria

The whole atria were isolated from the hearts of male Hartley
guinea-pigs weighing 300-400 g and bathed in Tyrode
solution containing (in mM): NaCl 137, KCl 6, CaCl, 1.82,
MgCl, 1.05, NaH, PO, 0.417, NaHCO; 11.5 and glucose 5.5.
The Tyrode solution was maintained at 30°C and con-
tinuously aerated with 95% O,-5% CO, (pH 7.2—7.4 under
these conditions). One end of the muscle was attached to a
rigid support and the other end was attached to a force/
displacement transducer (TB-611T, Nihon-Kohden, Japan)
via a silk suture in the 30 ml bath. Each tissue was placed
under 0.5 g tension. Following stabilization of the sponta-
neous beating of preparations for about 45 min with
replacing the solution every 15 min, drugs were added.
Ouabain (3 uM) was added 45 min after the addition of the
drugs. The contraction of atria was recorded continuously for
90 min after the addition of ouabain (see Figure 1a). Beating
rates were counted from the signals of the contraction
measured.

Anaesthetized guinea-pigs

Male Hartley guinea-pigs weighing 340—710 g were anaes-
thetized by intraperitoneal injection of pentobarbital sodium
(50 mg kg~"). Body temperature was maintained at about
37°C by a water blanket throughout the experiment.
Artificial respiration was maintained at a rate of 55 r.p.m.
and a volume was adjusted at 10 ml kg=' by a rodent
respirator (SN-480-7, Sinano, Japan). The right common
carotid artery was cannulated with polyethylene tubing and
connected to a transducer (TP-400T, Nihon-Kohden,
Japan). Blood pressure was recorded by an amplifier (AP-
641G, Nihon-Kohden), and instantancous heart rate was
counted by a heart rate counter (AT-601G, Nihon-Kohden)
from the pulses of the blood pressure. A polyethylene
tubing for the infusion of ouabain and test drugs was
cannulated into the left jugular vein. Limb lead II
electrocardiogram (ECG) was recorded on a pen-writing
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Figure 1 Original recording of the force of contraction of
spontaneously beating guinea-pig isolated whole atria treated by
3 uM ouabain. (a) Continuous recording of contraction. (b) Time
course of the contraction shown as expanded traces.

recorder polygraph (RM-6000, Nihon-Khoden). Following a
stabilization period, test drugs were administered. Five
minutes after the administration, a solution containing
ouabain (100 ug ml~') was continuously infused at the rate
of 100 ul min~' kg~"' using a micro-infusion pump (CFV-
2100, Nihon-Kohden). The amounts of ouabain required
per kg body weight for the onset time of ventricular
premature beats (VPB), ventricular tachycardia (VT),
ventricular fibrillation (VF) and cardiac arrest (CA) were
adopted as indexes for arrhythmias (see Figure 5).

Solutions and drugs

KB-R7943 (2-[2-[4-(4-Nitrobenzyloxy)phenyl]ethyl]isothiour-
ea methanesulphonate, Kanebo, Osaka, Japan), DCB (3',4'-
dichlorobenzamil, Kanebo), lidocaine hydrochloride (Sigma,
U.S.A.), Hoe-694 (Kanebo) and R56865 (Kanebo) were first
dissolved in dimethylsulphoxide (DMSO). Diltiazem (Sigma)
and ouabain (Sigma) was first dissolved in water. These
solutions were added to the bath solution (for isolated atria)
or diluted with physiological saline (for anaesthetized
guinea-pigs). The final concentration of DMSO was 0.1%
or less. For control experiments, 0.1% DMSO alone was
applied.

Statistical analysis
All values were expressed as mean+s.e.mean. Statistical

analysis was performed by Dunnett’s multiple-range test.
Significance was evaluated when the probability value was less

than 0.05.
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Figure 2 Effects of KB-R7943 and other compounds on the
contraction of spontaneously beating guinea-pig isolated atria. (a)
Effects on beating rates. KB-R7943 and other compounds were
treated for 45 min before the measurement. Data are shown as
percentages of the beating rates before the treatment. (b) Effects on
developed tension. Data are shown as percentages of the developed
tension before the treatment. *P<0.05, **P<0.01 vs control
(Dunnett’s multiple-range test). Each value is the mean+s.e.mean
of at least four experiments.
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Results
Effect of KB-R7943 on ouabain toxicity in whole atria

Figure 1 shows typical recording for spontaneously beating
of isolated whole atria. The addition of 3 uM ouabain
produced the enhancement of systolic tension (positive
inotropic effect; Figure 1a) and extra beatings (arrhythmias;
Figure 1b). The positive inotropic effect and arrhythmias
reached their maxim about 10 min after the addition of
ouabain. The enhancement of diastolic tension (positive
tonotropic effect) then appeared about 15 min after addition
of ouabain and continued for about 60 min (Figure la). In
addition to these inotropic and tonotropic effects, arrhyth-
mias was observed about 10 min after the addition of
ouabain and thereafter (Figure 1b). Spontaneous beatings
were gradually decreased and arrested 60 min after the
addition of ouabain (Figure 1b).

We first examined the effects of KB-R7943 and other agents
on basal beating rates and developed tension in the absence of
ouabain. These drugs were applied 45 min after the prepara-
tion of spontaneously beating atria in this case. KB-R7943 (10
or 30 uM) did not significantly affect beating rates (Figure 2a)
or developed tension (Figure 2b). DCB (10 or 30 um),
lidocaine (3 or 10 uM) or Hoe-694 (30 uM) had also no effects
on beating rates (Figure 2a) or developed tension (Figure 2b).
Diltiazem (0.1 or 0.3 uM) and R56865 at 1 umM decreased
beating rates (Figure 2a), but did not significantly affect
developed tension (Figure 2b).

We next examined the effects of KB-R7943 and other
agents on the positive inotropic and tonotropic effects of
ouabain and the arrhythmias induced by ouabain. Figure 3
shows typical recording for ouabain (3 uM)-induced con-
traction change of isolated whole atria in the absence
(Figure 3a) or presence (Figure 3b) of KB-R7943 (30 uMm).
Pre-treatment with KB-R7943 (10 or 30 uMm) did not
significantly affect the positive inotropic effect (Figures 3b
and 4a). However, with this pre-treatment with KB-R7943
the positive tonotropic effect was reduced (Figures 3b and
4b) and the onset time of arrhythmia was prolonged
(Figure 4c). Lidocaine (3 or 10 uM) did not significantly

a  Control
Ouabain 3 yM
[g]
0.5
0 | I—
10 sec
L 1 1 1 1 1 J
0 15 30 45 60 75 90 [min]

b KB-R7943 30 uM

Ouabain 3 yM
[g]
0.5

0 15 30 45 60 75 90 (min]
Figure 3 Effects of KB-R7943 on the contraction of spontaneously
beating guinea-pig isolated whole atria treated by 3 uM ouabain. (a)
The contraction change treated by 3 uM ouabain in the absence of
KB-R7943. (b) Effect of KB-R7943 (30 um) on the contraction
change.

affect the positive inotropic effect (Figure 4a), but it
reduced the positive tonotropic effect (Figure 4b) and
prolonged the onset time of arrhythmia (Figure 4c). Hoe-
694 (30 um) did not significantly affect the positive
inotropic effect (Figure 4a), the positive tonotropic effect
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Figure 4 Effects of KB-R7943 and other compounds on positive
inotropic and tonotropic effects of ouabain and time to the onset of
arrhythmia induced by ouabain in guinea-pig isolated atria. The
concentration of ouabain was 3 um. (a) Effects on the positive
inotropic effect. (b) Effects on the positive tonotropic effect. (c)
Effects on time to the onset of the arrhythmia. *P<0.05, **P <0.01
vs control (Dunnett’s multiple-range test). Each value is the
mean +s.e.mean of at least four experiments.
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Figure 5 Typical ECG changes indicating arrhythmia indexes in
anaesthetized guinea-pigs. ECG before the application of ouabain
(Pre) and the changes observed after the application of ouabain,
namely ventricular premature beats (VPB), ventricular fibrillation
(VF), ventricular tachycardia (VT) and cardiac arrest (CA) induced
by ouabain are shown.
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(Figure 4b) or the onset time of arrhythmia (Figure 4c).
DCB (10 or 30 um) did not significantly affect the positive
inotropic effect (Figure 4a) or the positive tonotropic effect
(Figure 4b), while it prolonged the onset time of
arrhythmia at 30 um (Figure 4c). Diltiazem (0.1 or 0.3 um)
did not significantly affect the positive inotropic -effect
(Figure 3a), the positive tonotropic effect (Figure 4b) or the
onset time of the arrhythmia (Figure 4c). R56865 at 1 um
enhanced the positive inotropic effect (Figure 4a), reduced
the positive tonotropic effect (Figure 4b) and prolonged the
onset time of arrhythmia (Figure 4c).

O Control (n=8)

KB-R7943 1 mg kg, i.v. (n=8)
B KB-R7943 3 mg kg, i.v. (n=8)
B Lidocaine 1 mgkg, i.v. (n=8)
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Figure 6 Effects of KB-R7943 and lidocaine on basal heart rate
(HR), systolic arterial blood pressure (SABP), diastolic arterial blood
pressure (DABP) and mean arterial blood pressure (MABP) in
anaesthetized guinea-pigs. Data are shown as percentages of the
values before the treatment. Each column indicates the mean+
s.e.mean of at least eight experiments.
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Figure 7 Effect of KB-R7943 and lidocaine on ventricular
premature beats (VPB), ventricular fibrillation (VF), ventricular
tachycardia (VT) and cardiac arrest (CA) induced by ouabain in
anaesthetized guinea-pigs. The data are shown as the doses of
ouabain required inducing the arrhythmia indexes. P<0.05,
**P<0.01 vs control (Dunnett’s multiple-range test). Each value is
the mean+s.e.mean of at least eight experiments.

Effect of KB-R7943 on ouabain-induced ECG change

Basal heart rate (HR), systolic arterial blood pressure (SABP),
diastolic arterial blood pressure (DABP) and the mean arterial
blood pressure (MABP) in anaesthetized guinea-pigs were not
significantly different among experimental groups. The
intravenous injection of KB-R7943 (1 or 3mgkg™") or
lidocaine (1 mg kg~"') did not affect these perimeters measured
5 min after the injection (Figure 6).

Figure 5 shows typical recording for ECG before the
intravenous infusion of ouabain and ventricular premature
beats (VPB), ventricular tachycardia (VT), ventricular fibrilla-
tion (VF) and cardiac arrest (CA) observed after the infusion
of ouabain. Figure 7 compares the doses of ouabain required
to provoke VPB, VT, VF and CA. Ouabain induced cardiac
arrhythmias (VPB, VT and VF) and CA in a dose range
between 170 and 310 ug kg~'. The intravenous injection of
KB-R7943 (1 and 3 mg kg~") significantly increased the doses
of ouabain required to induce arrhythmias (VPB, VT and VF)
and CA (Figure 7). Lidocaine (1 mg kg~') also tended to
increase the doses of ouabain required to induce arrhythmias
(VPB, VT and VF) and CA (Figure 7).

Discussion

KB-R7943 significantly reduced the positive tonotropic effect of
ouabain and inhibited arrhythmias (extra-systole) induced by
ouabain in whole atria isolated from guinea-pigs. DCB did not
reduce the positive tonotropic effect, but inhibited the
arrhythmias. We have already shown that KB-R7943 inhibits
the reverse-mode of NCX more potently than the forward-mode
of NCX while DCB inhibits the forward-mode of NCX more
potently than the reverse-mode of NCX (Watano et al., 1996;
Iwamoto et al., 1996). High doses of ouabain often induce
triggered activity type cardiac arrhythmias (Kass et al., 1978).
Ouabain inhibits plasma membrane Na ™ /K " -ATPases, leading
a rise in intracellular Na™ levels. The rise in intracellular Na™
levels causes intracellular Ca>" overload through the reverse-
mode of NCX (Khatter et al., 1989). This overloaded Ca®" is
taken up by sarcoplasmic reticulum, but, after the saturation of
sarcoplasmic reticulum, Ca®" oscillation is evoked by Ca**
release from sarcoplasmic reticulum. The Ca?* oscillation then
induces Na™ influx through the forward-mode of NCX and
non-selective cation channels. These Na™ influx forms an ionic
current component identified as TI (Lederer & Tsien, 1976;
Kimura et al., 1987). Tl induces oscillatory depolarization, and,
when the depolarization reaches a threshold, voltage-gated Na™*
channels are activated, resulting the generation of an action
potential. This action potential does not serve as a regular beat,
but an extra systole, and causes a cardiac arrhythmias (Kass et
al., 1978; Wier et al., 1984). From these processes proposed, it is
expected that NCX inhibitors block the ouabain-induced
arrhythmias. In fact, in the present study, KB-R7943 and DCB
inhibited the ouabain-induced arrhythmias in isolated guinea-
pig atria. However, it is noted that, in addition to the inhibition
of NCX, high doses of KB-R7943 inhibit voltage-gated Na™
channels and Ca?" channels (Watano et al., 1996), and high
doses of DCB inhibit voltage-gated Na* channels and Na™/H™
exchange (Murata et al., 1995). To determine which effects of
KB-R7943 or DCB play essential roles in the inhibition of the
ouabain-induced arrhythmias, we also examined the effects of a
Na* channel inhibitor, a Ca?* channel inhibitoranda Na™/H"*
exchange inhibitor in the present study. Lidocaine (Na™ channel
inhibitor) and R56865 (Na™ and Ca>" overload inhibitor) also
inhibited the ouabain-induced arrhythmias. These protective
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effects of the Na* channel inhibitor and the Na* and Ca®*
overload inhibitor support the proposed processes for the
ouabain-induced arrhythmias described above. The results also
suggest that, in addition to activity as an NCX inhibitor, the
inhibition by KB-R7943 or DCB of voltage-gated Na™ channels
partly contribute to the inhibition by these compounds of the
inhibition of the ouabain-induced arrhythmias. On the other
hand, Hoe-694 (Na®/H™ exchange inhibitor) or diltiazem
(Ca?* channel inhibitor) did not affect the ouabain-induced
arrhythmias. Consequently, Na*/H™ exchange or voltage-
gated Ca®" channels may not have important roles in the
ouabain-induced toxicity in guinea-pig isolated atria.

Ouabain induced a positive tonotropic effect (rising of
diastolic tension; Figure 1a). As described above, the inhibition
by ouabain of plasma membrane Na ™ /K "-ATPases results in
a rise in intracellular Na™ levels, and the rise in intracellular
Na* levels causes intracellular Ca®* overload through the
reverse-mode of NCX. In accord with this speculation,
KB-R7943, a reverse-mode NCX inhibitor inhibited the
positive tonotropic effect, but DCB, a forward-mode NCX
inhibitor, did not significantly affect the positive tonotropic
effect in the present study.

None of the agents examined in the present study reduced
the positive inotropic effect of ouabain. The positive inotropic
effect of ouabain can also be explained by the inhibition of
plasma membrane Na™ /K "-ATPases, which finally leads to
intracellular Ca>" overload. In contrast to this explanation, it
has been reported that the positive inotropic effect of ouabain
is attributed to activation of phospholipase C and an increase
in diacylglycerol levels, which causes activation of protein
kinase C (Gotoh et al., 1993). The mechanism underlying the
ouabain-induced positive inotropic effect may be different
from that underlying the positive tonotropic effect.

We found that KB-R7943 inhibits ouabain-induced cardiac
arrhythmias and cardiac arrest in anaesthetized guinea-pigs. It
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